The effect of sympathetic stimulation on cerebral blood flow was investigated in dogs anesthetized with chloralose. A preparation has been developed for the moment-to-moment measurement of cerebral venous outflow with an electromagnetic flow transducer. The brain's arterial supply was left undisturbed. The sympathetic innervation of the cerebral vessels was stimulated at the stellate ganglion (3-9 v, 3 msec, and 1, 3, 6, 10, and 15 Hz for 60 or 90 seconds). Stimulation at 15 Hz resulted in an average decrease in cerebral blood flow of 79.7%. During stimulation the arterial oxygen tension decreased from 93.2 to 84.9 mm Hg, the arterial carbon dioxide tension increased from 32.9 to 34.6 mm Hg, and arterial pH fell from 7.392 to 7.378.
These changes in blood gas variables all opposed the observed vasoconstriction. Interactions between intracranial pressure and sympathetic cerebral vasoconstriction were evaluated by measuring cerebrospinal fluid pressure and cerebral venous outflow pressure. Stimulation of the left sympathetic stellate ganglion produced a 64% decrease in cerebral blood flow and an 8 mm Hg increase in intracranial pressure. Infusion of saline into the cistema magna, raising intracranial pressure to 47 mm Hg, produced a 3* decrease in cerebral blood flow. Opening the cerebrospinal fluid space and thus fixing intracranial pressure at zero (atmospheric pressure) did not alter the cerebral blood flow response to sympathetic stimulation. It was concluded that stimulation of the sympathetic stellate ganglion resulted in cerebral vasoconstriction which was independent of changes in arterial Pco 2 , Po 2 , and pH and was also independent of changes in cerebrospinal fluid pressure.
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• Nerve fibers have been demonstrated on cerebral blood vessels since the time of Thomas Willis (1664) (1) . The light microscope (2) (3) (4) (5) (6) (7) (8) , fluorescent histochemistry (9) (10) (11) and the electron microscope (12) (13) (14) (15) (16) have all contributed to the morphological evidence for cerebral vascular innervation. The function of this innervation has not been clearly defined. The acquisition of physiological evidence for the function of these nerves has been inhibited by the complex anatomy of both the arterial and venous sides of the cerebral vascular tree (17) .
In the present study a continuous measurement of cerebral venous outflow was obtained in the left retroglenoid vein by separating the dorsal (cerebral) and ventral (extracerebral) drainages of the canine cranium through bilateral occlusion of the sigmoid sinuses, bilateral occlusion of the lesser auricular veins, occlusion of the right retroglenoid vein, and isolation of the left retroglenoid and internal maxillary veins (Figs. 1, 2) . With this preparation the function of the sympathetic innervation of the cerebral vessels was tested by activating the sympathetic fibers in both the vagosympathetic trunk and the vertebral 268 D'ALECY, FEIGL nerve by stimulation of the left stellate ganglion.
Methods

GENERAL PREPARATION
Adult dogs of either sex weighing 19.6-35.0 kg were anesthetized with alpha-chloralose (100 mg/kg body weight, iv), which was supplemented as required. Each dog was mechanically ventilated (Harvard respiration pump 607) via a tracheostomy or an intratracheal tube at 15 breaths/min. The tidal volume was adjusted to give an end-expiratory carbon dioxide tension between 4.03? and 4.5%, as monitored by an infrared analyzer (Beckman LB-1). The central arterial and venous blood pressures were measured in the arch of the aorta and in thoracic vena cava, respectively, via 75-cm polyethylene (PE 260, Intramedic) cannulas passed from the femoral artery and vein. Heart rate was electronically determined from the arterial pressure pulse. Rectal temperature was maintained at 39°C with a heat lamp and pad, and the arterial pH was adjusted by an intravenous drip of 1.53! sodium bicarbonate to approximately 7.41.
The left stellate ganglion was exposed by a left thoracotomy at the fourth intercostal space. Platinum electrodes were placed on the dorsal and ventral surfaces of the ganglion parallel to its long axis. Four (dogs [14] [15] [16] [17] of the eight dogs used in the experiments investigating the influence of cerebrospinal fluid pressure on the response to sympathetic nerve stimulation had chronically implanted electrodes on the left stellate ganglion. The electrodes were implanted 1-2 weeks before the experiment through a left thoracotomy at the second intercostal space. Two loops of Teflon-coated wire (Medwire Corporation, 0.002 inchs, 316 stainless steel) were sutured around the ganglion approximately 1 cm apart, and the leads were fixed under the skin at the costochondral junctions of the fifth and sixth ribs. Each stimulation was performed with a square-wave stimulator (American Electronics Laboratories model 104A). The stimulus pulse was passed through a stimulus isolation unit (AEL model 112) to eliminate electrical interference in the system recording blood flow. The stimulus parameters, as monitored on an oscilloscope, were rectangular square pulses 3 msec in duration, 15 Hz in frequency, and 3-5 v in magnitude in open-chest dogs and 5-9 v in closedchest dogs. The frequency-response curve was generated with stimulations at 1, 3, 6, 10, and 15 Hz. The stimulus train duration was 60 seconds for experiments to determine the frequencyresponse curve and for experiments in which cerebrospinal fluid pressure was measured and 90 seconds for experiments in which blood gas measurements were made.
SPINAL FLUID PRESSURE MEASUREMENTS
Cerebrospinal fluid (CSF) pressure was measured in the cisterna magna in a total of eight dogs and simultaneously in the left lateral ventricle in four (dogs 14-17) of these dogs. The cisternal pressure was measured by puncturing the atlantooccipital membrane with a 19-gauge needle through which was passed the end of a 12cm section of polyvinyl chloride tubing (Tomac Intrafusor). The temporal muscle was reflected laterally from the midline to expose the parietal bone over the area of the cerebral ventricles. The left lateral cerebral ventricle pressure was measured by inserting a 20-gauge needle through a bur hole in the skull. The needle had been swaged closed on the end and a side hole had been drilled 1 mm from the end. The zero reference for the cisternal, lateral ventricle, and cerebral venous outflow pressures was fixed at the level of the external auditory meatus. Each pressure was measured with a strain-gauge transducer (Statham P23 BB) and was displayed from 0 to 50 mm Hg on an oscillograph (Brush 1700).
CEREBRAL VENOUS OUTFLOW PRESSURE
Cerebral venous outflow pressure was measured by cannulation of the left superficial temporal vein just craniad to the location of the flow transducer. A 10-cm length of polyethylene tubing (PE 205, 1.57 mm, i.d., 2.09 mm, o.d.) was inserted so that the tip lay within the retroglenoid vein. The cannula was connected by an 18-gauge needle to a strain-gauge transducer (Statham P23BB).
CEREBRAL BLOOD FLOW PREPARATION
Occlusion of Sigmoid Sinuses.-The sigmoid sinuses were occluded within the occipital bone without opening the cranium (Figs. 1, 2). The skin and dorsal neck muscles were reflected from the occipital bone to expose the bony area over the sigmoid sinuses. A no. 20 round bur was used to thin the bone over the sigmoid sinuses so as to visually establish the lateral and medial margins of the sinus within the bone. The outer layer of dura was ruptured with a no. 11 round bur, and the sinus was quickly packed with heparinized cotton pellets. The pellets were packed laterally and medially so as to completely occlude the sinus without damaging the inner layer of dura. The surface of the bony defect was then packed with dry cotton pellets. The occipital emissary veins were cauterized in exposing the bone over the sigmoid sinuses.
Occlusion of Lesser Auricular Veins.-As the retroglenoid vein exits the skull, it receives a small Faciol v.
FIGURE 1
Lateral view of the canine cranial venous sinuses showing tlie dorsal (cerebral) drainage system as darker vessels and the ventral (extracerebral) drainage system as lighter vessels. The two systems are connected by the sigmoid sinuses. The dorsal venous system drains the brain within the anterior cranial fossa which is 82.7%, by weight, of the brain within the cranium. branch that courses within the ligaments of the glenoid fossa as they attach to the ridge over the external auditory meatus ( Fig. 1 ). Because this branch was a possible source of contamination of the cerebral flow measurement, it was occluded. Access to the lesser auricular vein was made over the dorsal rim of the external auditory meatus. Thermal cautery was used for occlusion because the close adherence of this vein to the bone and fascia precluded ligabon. Isolation of Left Retro glenoid Flow.-Ligation of the right retroglenoid vein completed the diversion of blood from the anterior cranial fossa to the left retroglenoid vein (Fig. 2 ). The ventral (extracerebral) drainage continued to drain the orbital plexus, palatal plexus, cavernous sinus, and ventral petrosal sinus via the internal jugular vein and the vertebral and condyloid sinuses.
The left retroglenoid vein was exposed by an incision along the posterior border of the masseter CircnUtioa Rnurcb, VoL XXXI, August 1972 muscle from the level of the zygomatic arch to the level of the thyroid gland. All branches joining the retroglenoid and internal maxillary vein were tied off. There was variation in the size and number of vessels; however, the principal vessels occluded were the lesser auricular veins, palatine branches, mandibuloalveolar branches, deep auricular, great auricular, and superficial temporal veins ( Figs. 1, 2 ). An unbranched section of vessel was selected for placement of the flow transducer. This section was dissected free of fascia and coated with papaverine hydrochloride (0.32 mg/ml) to avoid artifacts from vascular spasm. Alveolar v.
Vertebral v. , t Int. jugular v.
Vertebral sinus FIGURE 2
Posterior view of the cerebral venous sinuses depicting the preparation used to separate the dorsal and ventral drainage systems of the cranium. The sigmoid sinuses were occluded with heparinized cotton pellets, and the other occluded vessels were either ligated or cauterized. The path of blood from the dorsal system (brain) to the flow transducer is thus separated from extracerebral tissues, v. = vein, Int. = internal.
(Brush 1700) with an additional 100-mfarad capacitor in parallel with the oscillograph was 1.14 seconds. This response time was determined as the 90$ response time to a step-function voltage (18) . In vivo flow calibration points were taken from each dog and grouped for computation of stepwise regression lines (calibration lines). Electrical zero was set before and checked after each experimental manipulation by mechanical occlusion of the vessel with nonmetalic forceps. Drift of the occlusive zero more than 1.5% of full scale invalidated the flow measurement. Sham stimulations were performed in 10 of the 13 open-chest dogs to test for electrical artifacts in the flow record during stimulation. The stimulating electrodes were placed on the muscle within 0.5 cm of the left stellate ganglion. No changes or artifacts were observed in the flow record during sham stimulations with the same voltage and frequency used for stellate ganglion stimulation.
VERIFICATION PROCEDURE FOR BLOOD FLOW PREPARATION
The completeness of the dorsal-ventral separa-tion and the presence of the anastomotic branch of the dorsal petrosal sinus were tested. At the end of each experiment the dog was heparinized (750 units/kg body weight) and killed by ventricular fibrillation. The left retroglenoid vein was cannulated craniad to the point of flow measurement. A thin mixture (monomer to polymer ratio of one to one by volume) of acrylic (Stratford Cookson Tramix) was injected into the brain under a constant pressure of 25 mm Hg. The pressure was supplied to the system by a mercury manometer and a 5-liter capacitance bottle connected to the syringe containing the perfusate. This acrylic mixture regularly filled vessels as small as 125-175/^,, as measured post-mortem. Preliminary tests were made using this mixture at a perfusion pressure of 50 mm Hg, but this high pressure caused the dura to split, filling the subarachnoid space with acrylic. This acrylic mixture continued to flow for 15-20 minutes and was left pressurized for 30-40 minutes until the plastic hardened.
The head was removed from the atlas, and all extracranial ligarions and occlusions were exam-Circulttion Rtsesrcb, Vol. XXXI, Augujt 1972 ined. The fascia around the external auditory meatus was sectioned to expose the closed end of the lesser auricular vein. The palate, pterygoid fossa, jugular foramen, and base of the skull were examined for acrylic. The extracranial verification procedure was completed by examination of the occluded right retroglenoid vein.
A transverse section of the skull was made just anterior to the auditory canal. The brain was removed and checked for uniformity of perfusion. The sigmoid sinuses were opened from the internal jugular foramen to the transverse sinus. Both sides of the point of occlusion (cotton pellets) were examined for the presence of acrylic. The cavernous sinuses and the ventral petrosal sinuses were opened from the orbital fissure to the internal jugular foramen. The crest of the pyramidal portion of the temporal bone was chipped away to expose the anastomotic vein, if present. The presence of the anastomotic vein was detected by localized filling of the cavernous sinus at the level of the sella turcica. The preparation was considered valid (22 dogs) when no acrylic was found outside the dorsal (cerebral) drainage system. Incomplete occlusions (26 dogs) or anastomotic veins (18 dogs) invalidated the preparation since they constituted possible sources of contamination of the cerebral blood flow.
Of the 22 valid preparations, 5 were unacceptable for the experimental design. One of the 5 had a subdural hematoma when examined during verification. Two dogs showed irregular responses to stimulation, and it was impossible to stabilize these preparations to obtain control and experimental data. Two others showed no response to stimulation, presumably because the stellate ganglion was damaged during dissection, as evidenced by local hemorrhage and edema.
ARTERIAL BLOOD GAS DURING SYMPATHETIC STIMULATION
Arterial blood samples were taken and analyzed for oxygen tension, carbon dioxide tension, and pH at 39° C. The samples were drawn 120 seconds before stimulation, 45 seconds after the start of stimulation, and 120 seconds after the end of stimulation. Each stimulation in the blood gas series lasted 90 seconds. To facilitate arterial sampling, a 3-cm section of heavy-walled silicone tubing was substituted in the femoral artery. Each 1.5-ml arterial blood sample was drawn into The cerebral blood flow (CBF) values are the average of three observations per dog, each observation being the average control flow as described in Methods. The flow was computed from the calibration curve for the flow transducer used and the weight of the brain in the anterior cranial fossa. The values of expired COi, arterial blood pressure (BP), and heart rate are the averages of three observations per dog. Dogs 1-9 were used in the arterial blood gas series, and dogs 10-17 were used in the cerebrospinal fluid pressure series. a heparinized 2-ml glass syringe fitted with a 12mm 26-gauge needle. Within 10 seconds of sampling, the blood was within the analysis cuvette. The oxygen, carbon dioxide, and pH determinations were completed within 2.5 minutes. Calibration of blood gas electrodes was performed just prior to and checked immediately after each set of three samples was drawn with two analyzed gases (9.94% carbon dioxide in nitrogen and 4.45% carbon dioxide and 12.5% oxygen in nitrogen). The pH electrode was calibrated with buffers prepared in accordance with the directives of the National Bureau of Standards at 6.84 and 7.381. Within 1 minute of calibration, the first sample was introduced. At the end of each three-sample test (approximately 10 minutes), after flushing, the calibration was checked, and the test was accepted if the calibrations changed no more than ± 1.5 mm Hg for oxygen, ± 1 . 0 mm Hg for carbon dioxide, and ± 0.005 pH units.
CEREBROSPINAL FLUID PRESSURE DURING SYMPATHETIC STIMULATON
A three-part experiment was designed to examine the interactions of sympathetic cerebral vasoconstriction and CSF and cerebral venous outflow pressures. In the first part of the experiment, these pressures were observed during the decrease in cerebral blood flow resulting from sympathetic stimulation. In the second part, the CSF pressure was manually elevated by saline infusion through a second cannula inserted in the cisterna magna. The pressure was raised to between 45 and 50 mm Hg and sustained for 60 seconds. This pressure level is 3-5 times the pressure observed during sympathetic stimulation. If the increase in CSF pressure during sympathetic stimulation caused the decrease in cerebral blood flow, then the large rise in CSF pressure during infusion would produce an even greater decrease in cerebral blood flow. In the third part of the experiment, the CSF pressure was fixed at zero (atmospheric pressure) by sectioning the atlantooccipital membrane and allowing the spinal fluid to drain freely. The stellate ganglion was stimulated again as in part one. This tested if an increase in CSF pressure was necessary for the sympathetic reduction of cerebral blood flow. If the response to sympathetic stimulation was similar to that observed with a closed cranium, then an increase in CSF pressure during stimulation was not necessary for the reduction in cerebral blood flow.
DATA ANALYSIS FOR BLOOD GAS EXPERIMENTS
Analogue blood flow records were read at 20second intervals for 140 seconds before stimulation, at 5-second intervals from the start of stimulation until 30 seconds after the end of stimulation, and at 20-second intervals from 30 seconds after the end of stimulation until 90 seconds after the end of stimulation (Fig. 4) . A total of 35 individual points was talcen from the analogue flow records. Three trials were performed in each of nine dogs (27 total trials).
Each trial served as its own control. The control flow was computed as the average of the eight points taken prior to stimulation. The 35 flow points per trial were expressed as percent of their control. The flow during stimulation was taken as the average of 11 determinations at 5second intervals from 30 seconds after the start of stimulation until 80 seconds after the start of stimulation.
A composite flow record was computed by averaging the flow as percent of control for 27 trials, 3 trials in each of nine dogs. The standard error was computed with eight degrees of freedom (nine dogs) ( Fig. 4 ).
Blood flow in milliliters per minute per 100 grams was calculated from in vivo calibration curves and the weight of the brain in the anterior cranial fossa. The brain weights were determined post-mortem for each dog.
In the blood gas experiments arterial blood samples were taken and immediately analyzed before, during, and after sympathetic stimulation.
The mean values of oxygen tension, carbon dioxide tension, and pH were computed as the average of 27 trials (3 in each of nine dogs) before, during, and after stimulation. The standard error was computed with eight degrees of freedom (nine dogs).
DATA ANALYSIS FOR CEREBROSPINAL FLUID PRESSURE EXPERIMENTS
Analogue pressure and flow records were read at 30-seeond intervals for 120 seconds before the start of stimulation or infusion, at 10-second intervals from the start of stimulation until 30 seconds after the end of stimulation, and at 30second intervals from 30 seconds after the end of stimulation until 150 seconds after the end of stimulation (Figs. 7, 9, 11) . Thus a total of 18 determinations per trial was taken and used for analysis.
Composite flow data were computed after normalizing individual flow determinations to percent of control flow. Control flow was determined for each trial by averaging the five flow determinations ( -120, -90, -60, -30, and 0 seconds) taken during the 120-second period preceding stimulation. Flow during stimulation was taken as the average of five determinations (+20, +30, +40, +50, and +60 seconds) from 20 seconds after the start of stimulation until the end of stimulation. The average control flow and average stimulated flow were expressed in milliliters per minute per 100 grams by using the in vivo calibration curves for each flow transducer Tabulated values are the average of 3 observations per dog. Arterial samples were taken 120 seconds before stimulation (Pre), 45 seconds after the start of stimulation (Stim) and 120 seconds after the end of a 90-second stimulation (Post). Mean values are for 27 observations and the SE is for nine dogs (eight degrees of freedom). and the brain weight within the anterior cranial fossa. The brain weights were determined post-mortem for each dog. The standard error was computed with seven degrees of freedom (eight dogs) ( Figs. 7,9, 11) .
The composite curves for each of the four pressures were constructed by averaging the corresponding determination from each dog. Lateral ventricle pressure was measured in only four of the eight dogs (dogs [14] [15] [16] [17] .
The percents, averages, and standard errors were calculated with the aid of a computer (CDC 6400 computer, Biomedical computer program "BMDO1D Simple Data Description," edited by W. J. Dixon, 1965).
Results
ANATOMICAL OBSERVATIONS
In the course of verifying the cerebral blood flow preparation, we made two original anatomical observations: the frequency of occurrence of the anastomotic branch of the dorsal petrosal sinus and the existence of a previously undescribed branch of the retroglenoid vein (Figs. 1,2) .
The anastomotic vein has been previously described, but no frequency of occurrence was indicated (19, 20) . The anastomotic vein was detected by tracing acrylic through the petrous portion of the temporal bone from the dorsal petrosal sinus to the cavernous sinus. In 8 of 66 preparations it was impossible to detect the anastomotic vein because the sinuses were inadequately perfused due to clotting or rupture of the vessels or tubing. Of the 58 adequately perfused preparations, 31$ (18 of 58) had anastomotic veins. The presence of the anastomotic vein invalidates the cerebral blood flow preparation because of possible contamination of the cerebral venous blood by blood from the cavernous sinus.
A consistent finding in the postmortem verification procedure was a previously undescribed branch of the retroglenoid vein. This vein lies deep within the fascia and ligaments inserting on the base of the zygomatic process of the temporal bone. The origin of the vein is closely adherent to the caudal rim of the retroglenoid foramen. The vessel courses within the dense fascia along the anterior and dorsal margin of the external auditory meatus. As it turns ventrally along this margin it 
Each point on the cerebral blood flow curve is the average of 27 observations, 3 each in nine dogs. The SE (dashes above and below flow curve) was calculated with eight degrees of freedom (nine dogs). Sympathetic stimulation decreased cerebral blood flow 79.7% from a control value of 32S) ml/min 100 g-'. Control flow was the average of eight determinations at 20second intervals taken prior to stimulation.
receives branches from the pinna and eventually joins the internal maxillary vein (Figs. 1,  2) . We have named this vein the lesser auricular vein.
The experimental preparation of the cranial drainage for measurement of cerebral blood flow in the retroglenoid vein requires bilateral STIMULATION FREQUENCY
FIGURE 5
A graded cerebral vasoconstriction was observed with sympathetic stimulation. The vasoconstriction increased with the increase in frequency of stimulation from 0 to 15 Hz. The voltage, duration, and train duration were held constant for each of the five stimulation frequencies (3) (4) (5) occlusion of the lesser auricular veins to avoid extracerebral contamination of cerebral venous blood. Ligation of the right retroglenoid vein in the flow preparation does not occlude the right lesser auricular vein because the branch point is closely adherent to the bone. Occlusion of the left lesser auricular vein is necessary to avoid contamination of the cerebral blood flow measurement in the left retroglenoid vein. 
v, 3 msec, 60 seconds). Each point is the average of ten observations, one each in ten dogs. Dashes indicate SE (nine degrees of freedom).
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FIGURE 6
An experiment on a closed-cranium preparation demonstrated that stimulation of the left stellate ganglion for 60 Control Observations.-The cerebral blood flow, arterial blood pressure, expired carbon dioxide tension, and heart rate of each experimental dog is shown in Table 1 . The body weight and brain weight are presented with the individual experimental measurements. The average weight of the brain in the anterior cranial fossa was 69.8 g or 82.756 of the total brain weight. The average control cerebral blood flow was 37.48 ml/min 100 g-1 at a mean end-expiratory carbon dioxide tension of 4.4356.
Blood The graph shows the average response to sympathetic stimulation in a closed-cranium preparation. Each point is the average of eight determinations, one in each of eight dogs (exception, lateral ventricle, four dogs). The dashes above and below the dots are the SE. Standard errors smaller than the size of the dot are not shown. CSF =r cerebrospinal fluid. flow (Fig. 3) . The simultaneous increase in heart rate and blood pressure resulted from activation of the cardiac branches of the stellate ganglion. The increase in end-expiratory carbon dioxide tension was reflected in the arterial blood sample taken during stimulation ( Table 2 ). An average flow decrease of 79.7* was computed from 27 observations ( Fig. 4) . Table 2 gives the blood gas data obtained before, during, and after sympathetic stimulation. Arterial oxygen tension decreased 8.3 mm Hg during sympathetic stimulation, arterial carbon dioxide tension increased 1.8 mm Hg, and arterial pH decreased 0.014 units. These changes in blood gas tension all oppose the observed decrease in cerebral blood flow. Frequency-Response Curve.-Further characterization of the sympathetic cerebral vasoconstriction was obtained by plotting a frequency-response curve. All stimulations (1, 3, 6, 10, and 15 Hz) were at the same voltage and duration (3-5 v, 3 msec, 60 seconds). The order of the different frequencies was varied in each dog, and the first and last stimulations were at 15 Hz. A graded vasoconstriction, increasing with the frequency of stimulation, was obtained ( Fig. 5) .
Cerebrospinal Fluid Pressure, Closed Cranium.-During 60 seconds of sympathetic stimulation at 15 Hz in the closed-cranium preparation, the average decrease in cerebral blood flow was 64$ of control flow (Figs. 6,  7) . The average control cerebral blood flow was 46.8 ml/min 100 g" 1 and decreased to 16.3 ml/min 100 g" 1 during sympathetic stimulation ( Table 3 ). The CSF pressure measured in the cisterna magna and lateral ventricle showed an average increase from 7 mm Hg to 15 mm Hg. Cerebral venous outflow pressure decreased slightly, but average arterial blood pressure increased from 136/112 to 190/144 mm Hg.
Saline Infusion into Spinal Fluid Space.-Saline infusion into the spinal fluid space increased cisternal and lateral ventricle pressure to an average of 47 mm Hg, at which level it was maintained for 60 seconds (Figs. 8, 9, Table 3 ). Cerebral blood flow decreased an average of only 3%.
Cerebrospinal Fluid Pressure, Open Cranium.-During 60 seconds of sympathetic stimulation in the open-cranium preparation, the average decrease in cerebral blood flow was 65$ of control flow (Figs. 10, 11 ). The average control cerebral blood flow was 43.4 ml/min 100 g" 1 and decreased to 14.9 ml/min 
Effects of Sympathetic Stimulation and Saline Infusioi on Several Variables in the Closed-and the Open-Cranium Preparation
Cerebral blood flow (ml/min 100 g" 1 ) The average values (eight dogs) are from the calculated control and stimulated or infused determinations, each of which is the mean of five points taken prior to (Cont) or during stimulation (Stim) or infusion (Infu) (exception, ventricular pressure, four dogs). The standard error was computed with seven degrees of freedom (exception, three for ventricular pressure). Diff = average difference between control and stimulation or infusion values. 
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FIGURE 8
Saline was infused into the cistema magna until the cerebrospinal fluid (CSF) pressure was between 45 and 50 mm Hg. There was little change in cerebral blood flow, expired carbon dioxide tension, cerebral venous outflow pressure, or arterial blood pressure. The deflection at the beginning of the record was the occlusive flow zero. This record was made with dog 15. The graph shows the average response to manual infusion of saline into the cistema magna to elevate cerebrospinal fluid (CSF) pressure to between 45 and 50 mm Hg for 60 seconds. Each point is the average of eight determinations, one in each of eight dogs (exception, lateral ventricle, four dogs). The dashes above and below the dots are the SE. Standard errors smaller than the size of the dot are not shown. 100 g" 1 during sympathetic stimulation (Table  3 ).
Discussion
Definitive experiments on sympathetic control of the cerebral circulation have been lacking because of the complexity of the cerebral vasculature and the inadvertent disruption of sympathetic nerves to the cerebral vessels. Both the arterial (Fig. 12 ) and venous sides of the cerebral circulation (Figs. 1, 2) are arranged in multiple parallel channels (17) . The direct measurement of a large fraction of the blood flow in the brain CircuUtion Research, Vol. XXXI, Augmll 1972 requires either multiple flow measurements or multiple vessel ligations. On the arterial side ( Fig. 12 ) of the dog brain for example, five primary and ten anastomotic arteries supply blood to the circle of Willis (19, 21, 22) . On the venous side (Figs. 1, 2) of the dog's cranial circulation, ten veins drain the ventral (extracerebral) system and two veins drain the dorsal (cerebral) system (23, 24) . Because of this complexity, direct continuous measurement of cerebral blood flow (particularly in the dog) requires some alteration of the vascular tree. Oscillograph record of open-cranium, preparation. The atlantooccipital membrane was sectioned, opening the cerebrospinal fluid (CSF) space to atmospheric pressure thus fixing cistemal and lateral ventricle pressures at zero. Stimulation of the left stellate ganglion for 60 seconds at 15 Hz, 7 v, and 3 msec decreased cerebral blood flow as in the closed-cranium preparation (compare to Fig. 6 ). The deflections near the beginning and end of the record were caused by occluding cerebral venous outflow to check the zero flow base line. This record was made with dog 15.
Dumke and Schmidt (25) ligated or cannulated, or both, the basilar and carotid arteries of monkeys to directly measure cerebral blood flow with a bubble flowmeter. Meyer and co-workers used electromagnetic flow transducers on the common carotid and vertebral arteries (after ligation of external carotid branches) to directly measure flow in monkeys (26) (27) (28) . Two possible difficulties in these direct arterial flow measurements are the potential damage (by ligation or cannulation, The graph shows the average response to sympathetic stimulation in the open-cranium preparation. The response is similar to that in the closed-cranium preparation (compare to Figs. 6, 7) . Each point is the average of eight determinations, one in each of eight dogs. or both) to the cerebral sympathetic nerves that travel with arteries to the cerebral vessels and the extracerebral contamination due to incomplete elimination of extracranial arterial supplies to the brain. The venous outflow technique used by Rapela, Green, and co-workers (29) (30) (31) avoided the arterial sympathetic innervation and could have been used to demonstrate sympathetic cerebral vasoconstriction. This group of investigators stimulated the vagosympathetic trunk in the dog and found no significant alterations in cerebral blood flow (29, 32) . It is unclear if activation of all the afferent and efferent sympathetic and parasympathetic fibers in the vagosympathetic trunk constitutes an appropriate activation of cerebral sympathetic innervation. The use of heparin and the cannulation or ligation of the vertebral, thyroid, and common carotid arteries by Rapela et al. (31) could also tend to diminish the reactivity of the cerebral vessels to sympathetic stimulation. James et al. (33, 34) used the washout of intra-arterially injected 138 xenon to measure cerebral blood flow during sympathetic stimulation. They observed that sympathetic stimulation attenuated and that sympathectomy accentuated the dilator effects of inspired carbon dioxide. Our work supports their observation of sympathetic cerebral vasocon-CircuUtuw Resurcb, Vol. XXXI, Amgrns; 1972 striction. The stimulation period of 12-15 minutes used by James et al. (33, 34) probably did not maintain a constant degree of vasoconstriction. If the cerebral blood flow were changing during the 10-minute flow measurement period, the assumption of constant flow necessary for calculation of blood flow from steady-state washout curves for 1S3 xenon would be violated. The temporal resolution of this washout technique therefore permits only qualitative evidence of a sympathetic component to the overall control of the cerebral circulation.
The extensive work in man done by Kety (35) (36) (37) (38) and others (39) (40) (41) , using the nitrous oxide and related techniques, was restricted to sympathectomy or stellate ganglion blockade. Both these manipulations test for tonic sympathetic cerebral vasoconstriction (39) .
Thermocouple techniques used by Schmidt (42) , Krog (43) , and Ludwigs and Schneider (44) have given indirect indications of sympathetic vasoconstriction. Direct observation of surface pial vessels by Forbes and Wolff (45), Mchedlishvili (46) , and others (47, 48) indicated that vessel diameter decreased in response to sympathetic stimulation. These studies are suggestive but do not demonstrate a decrease in brain blood flow during sympathetic stimulation.
Variations of arterial carbon dioxide tension have been used to effect alterations in cerebral blood flow (49) (50) (51) (52) (53) . In our study the arterial carbon dioxide tension, oxygen tension, and pH were measured before, during, and after sympathetic stimulation. During sympathetic stimulation the arterial carbon dioxide tension increased slightly, the arterial oxygen tension decreased, and the arterial pH decreased. These changes in blood gas tension would tend to increase cerebral blood flow (49) (50) (51) (52) (53) ; sympathetic stimulation, however, produced a marked decrease in cerebral blood flow.
Spinal fluid pressure increased from 7 mm Hg to 15 mm Hg during a 64% decrease in cerebral blood flow during sympathetic stimulation. The infusion of saline into the spinal fluid space demonstrated that even at CSF pressures as high as 47 mm Hg there was only a 3% decrease in cerebral blood flow. This observation is in agreement with the findings of several investigators (54) (55) (56) that cerebral blood flow is unchanged by CSF pressure until the CSF pressure increases to a point at which it compromises perfusion of the cerebral bed. The 64$ decrease in flow therefore would not have been caused by an 8 mm Hg increase in CSF pressure.
Opening the spinal fluid space to atmospheric pressure and repeating the sympathetic stimulation demonstrated that a change in spinal fluid pressure was not necessary for the sympathetic vasoconstriction. The response of cerebral blood flow to sympathetic stimulation was unchanged in the open-(65% decrease) and the closed-cranium (64% decrease) preparation in the same dogs.
The mechanism by which the cerebral spinal fluid pressure increased during sympathetic stimulation in the closed-cranium preparation is unclear. The object of this study was not to describe the mechanism of the increase in spinal fluid pressure but to relate the observed pressure changes to cerebral vasoconstriction.
The change in cerebral blood flow observed in this study was large but nonetheless similar to changes observed with hyperventilation. Kety and Schmidt (53, 57) have data on unanesthetized humans that show up to a 51% decrease in cerebral blood flow when they voluntarily hyperventilated to 20-25 mm Hg arterial carbon dioxide tension. Reivich (58) produced a 63% reduction in cerebral blood flow in the rhesus monkey by hyperventilation to 15 mm Hg arterial carbon dioxide tension. Wollman et al. (59) induced, in lightly anesthetized volunteers, a mean reduction in cerebral blood flow of 60% by hyperventilation for at least 20 minutes to a carbon dioxide tension of 10 mm Hg. If hyperventilation, whether active or passive, can produce cerebral blood flow changes of this magnitude, then it is not unreasonable to expect maximal electrical stimulation of the sympathetic nerves to produce greater changes in brain blood flow.
The magnitude of the cerebral vasoconstriction, at the high stimulation rates used in this study, raises a question about altered cerebral function and metabolism. Wollman's group (59, 60) observed that a 60% reduction of cerebral blood flow in man by hyperventilation produced a 10% reduction in the cerebral metabolic rate for oxygen and a 15% increase in cerebral glucose metabolism. It is possible that a similar shift toward anaerobic metabolism may have occurred during the reduction in flow from sympathetic nerve stimulation in the present study. This is untested because metabolic measurements were not made in this study. In other vascular beds sympathetic discharge rates as high as 15 Hz are found only in extreme circumstances. It is thus unlikely that sympathetic vasoconstriction of the magnitude observed would routinely occur in cerebral vascular regulatory reflexes.
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As seen in Figures 6, 8 , and 10 the cerebral venous blood pressure during venous outflow occlusion does not rise to the level of arterial pressure but shows a prompt rise to about 25 mm Hg. This is presumptive evidence of a small extracranial venous shunt-the diploic veins. Diploic veins represent a small potential contamination in any cerebral blood flow determination which measures blood flow that passes through the superior sagittal sinus or lateral sinuses. This potential contamination, therefore, is present with the Rapela-Green technique (30) which measures flow from the confluence of sinuses, with the jugular bulb sampling techniques, and with our own technique as well. Cerebral venous outflow pressure remained constant and below 3 mm Hg before, during, and after sympathetic stimulation ( Table 3 , Figs. 6, 8, 10) . This argues against a significant shunting of blood to the diploic veins. It is most unlikely that the large decrease in blood flow observed in this study was the result of diploic shunting without a change in venous pressure. The possibility of a large shunt due to a faulty preparation or an anastomotic vein was ruled out by the acrylic verification procedure for each experiment.
In summary, a venous outflow technique was used for continuous measurement of blood flow from the brain within the anterior cranial fossa. Sympathetic stimulation at the stellate ganglion produced a marked decrease in cerebral blood flow. The alterations in the arterial blood gas tensions during sympathetic stimulation tended to oppose the observed vasoconstriction. The cerebral vasoconstriction was graded, increasing with the frequency of stimulation. Stimulation of the sympathetic stellate ganglion resulted in cerebral vasoconstriction which occurred independently from changes of arterial Pco 2 , POM, and pH and was not caused by and did not require a change in CSF pressure. A neural control mechanism capable of decreasing cerebral blood flow has been described; its role in the physiological regulation of the brain's blood supply has yet to be determined. Circulation Rnurcb, Vol. XXXI, AuguH 1972
